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Abstract
Background: Nuclear factor kappa B is well-known for its pro-neuroin�ammation function. However, it
remains unknown how it increases the expression of in�ammatory factors, which in turn promotes
neuropathic pain. Here we investigated its role in the development of neuropathic pain in rats using a
sciatic chronic constriction injury model and examined its effect in up-regulating CX3CR1 expression in
BV-2 microglial cells induced by tumor necrosis factor-alpha.  Methods : The sciatic nerve chronic
constriction injury (CCI) model was used to induce neuropathic pain in rats. Mechanical stimuli and
radiant heat were used to evaluate mechanical allodynia and thermal hyperalgesia. The pain related
behavioral effect of Nuclear factor kappa B was accessed after intrathecal administration of pyrrolidine
dithiocarbamate, a nuclear factor kappa B inhibitor. BV-2 microglia activation was induced by tumor
necrosis factor-alpha incubation, and the levels of in�ammatory factors and CX3CR1 were assessed.
Results: Intrathecal infusion of pyrrolidine dithiocarbamate, a nuclear factor kappa B inhibitor, at 100 or
1000 pmol/d prevented the development of mechanical and thermal hyperalgesia and inhibited spinal
microglial activation and tumor necrosis factor-alpha expression. In addition, phospho-p65 expression
revealed that transient nuclear factor kappa B activation in BV-2 microglial cells was triggered by tumor
necrosis factor-alpha.and increased CX3CR1 mRNA and protein expression. Pyrrolidine dithiocarbamate
inhibited the tumor necrosis factor-alpha-inducedexpression of CX3CR1.  Conclusion:  These results
suggested that the activation of nuclear factor kappa B pathway might enhance spinal microglial
activation and tumor necrosis factor-alpha expression in neuropathic pain and the phosphorylation of
p65 might be responsible for tumor necrosis factor-alpha-induced CX3CR1 expression in BV-2 microglial
cells.

Background
Neuropathic pain is a common symptom of the peripheral nerve injury with characteristic allodynia,
hyperalgesia, and spontaneous pain. Treatment options of neuropathic pain remain limited. Previous
studies suggested that the nuclear factor-κB (NF-κB) pathway plays an important role in increasing the
expression of a large number of genes that are critical for immune and in�ammatory responses in the
central nervous system (CNS) that are responsible for the neuropathic pain [1–4]. Pyrrolidine
dithiocarbamate (PDTC) is a potent NF-κB inhibitor by inhibiting factor I-κB ubiquitination and the
subsequent degradation. PDTC can prevent the exposure of the nuclear localization signals on NF-κB
subunits and the following gene regulation. It has been reported that intrathecal PDTC can inhibit spinal
in�ammatory activation and reduce pain following nerve injuries [5–7]. However, the molecular and
signaling regulation mechanisms of NF-κB pathway for the neuropathic pain remain unclear. This study
investigated the downstream mechanism of NF-κB in neuropathic pain in both rat model and in vitro cell
line.

The contribution of in�ammation to the development of neuropathic pain recently attracted substantial
attention. In particular, TNF- is a major pro-in�ammatory cytokine involved in neuropathic pain. An
elevated level of TNF- in the CNS was detected in animals with neuropathic pain [8–12]. There is
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increasing evidence that spinal cord microglia, the main immune cell in spinal cord, plays a key role in the
genesis of persistent pain. Several pain models suggested that persistent neuropathic pains including
chronic constriction injury (CCI), spinal nerve ligation (SNL), and spinal cord injury as well as chronic
morphine-induced hyperalgesia and tolerance are associated with the development of microgliosis in the
dorsal horn of spinal cord [13–20]. It has been accepted that microglia can release proin�ammatory
mediators and propagate the immune response, leading to the neuropathic pain. Studies have proven
that chronic intrathecal infusion of microglia inhibitor minocycline could prevent the development of SNL-
induced pain in rats [15, 16, 21] and could reduce the proin�ammatory cytokine expression in rat models
[22–23]. However, the molecular mechanism underlying microglial activation and neuroin�ammation
after nerve injury have not been well understood.

Fractalkine (also known as chemokine C-X3-C motif ligand 1) and its receptor CX3CR1 play a crucial role
in the control of the biological activity of microglia. Chemokine receptor CX3CR1, which exists in spinal
microglia, has been shown to mediate pain generation [25–31]. After peripheral in�ammation or nerve
injury, CX3CR1 expression increased in microglia at pain-relevant area in sciatic in�ammatory neuropathy,
CCI, SNL, monoarthritic, and vincristine-induced neuritis murine models. Blocking CX3CR1 attenuated and
delayed neuropathic pain [25–30]. It is not yet clear whether the TNF- and NF-κB pathway can induce
CX3CR1 expression in microglia. A likely signal transduction pathway for TNF- involves the
phosphorylation of the inhibitor factor I-κB andthe subsequent translocation of NF-κB subunit p65 to the
nucleus.

Therefore, in this study, we �rstly tested the hypothesis that intrathecal PDTC inhibits neuropathic pain by
inhibiting microglial activation and TNF- expression in rats. We then measured CX3CR1 expression in
BV–2 microglial cells under TNF- stimulation and investigated the role of NF-κB p65 in the regulation of
CX3CR1 expression in these cells.

Methods

Animals
Male Sprague-Dawley rats weighing 250–350g at the time of surgery were housed individually in bedded
cages on a natural 12-hr light/12-hr dark cycle (7am/7pm) in a temperature (21±1 C) and humidity-
controlled speci�c pathogen free room with food and water provided ad libitum. All rats were acquired
from Laboratory Animal Center of Xiangya Hospital, Central South University. These experiments were
approved by the Institutional Animal Care and Use Committee in Central South University.

Surgical procedures
Rats were anesthetized with intraperitoneal injection (IP) of 300 to 400 mg/kg chloral hydrate and
maintained at 100 mg/hr. For repeated intrathecal injections, chronic catheters were constructed and
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implanted by lumbar approach according to a method described previously [32]. The indwelling catheters
were used to microinject drugs or vehicle into the cerebrospinal �uid space surrounding the lumbosacral
spinal cord. Brie�y, a sterile PE–10 tube �lled with saline was inserted through the L5/L6 intervertebral
space, and the tip of the tube was placed at the spinal lumbar enlargement level. The cannulated rats
were allowed to recover for 5 days and were housed individually. Rats that showed any neurologic de�cit
resulting from the surgical procedure during the whole experiment were excluded from the experiment
and euthanatized by carbon dioxide inhalation.

PDTC (molecular weight, 164.29) was purchased from Sigma-Aldrich (St Louis, Mo) and dissolved in
normal saline. The doses for intrathecal PDTC were selected according to a previous study (Wei et al.,
2007) and our preliminary experiments. 10μl PDTC (100 or 1000 pmol/d) or saline was administered
followed by a �ush of 5μl saline to ensure that drugs were delivered into the sub-arachnoid space. In
PDTC treated rats, PDTC was injected daily for 4 consecutive days from 1 day before to 2 days after CCI
or from 3 to 6 days after CCI (n = 8 per group). Catheter placements were veri�ed upon completion of
behavioral testing by visual inspection after euthanasia under anesthesia with chloral hydrate.

Chronic constriction injury
Neuropathic pain was induced following the method reported by our previous studies [32, 33]. Rats were
anesthetized and placed under a microsurgical apparatus in a prone position. An incision was made on
the left thigh with the left sciatic nerve exposed. Four loosely tied ligatures (4–0 chromic catgut) were
applied 1 mm apart around the left sciatic nerve above its trifurcation. For rats in the sham-operated
groups, the left sciatic nerve was exposed but not ligated.

Behavioral Assessment-Mechanical Threshold and
Thermal Threshold
The hind-paw withdrawal threshold (PWT) to an Electrovonfrey (IITC/Life Science Instruments, Woodland
Hills, Calif) probe and paw withdrawal latency (PWL) to noxious radiant heat were determined before
surgery (baseline, day 0) and once daily on each post-surgery day. All the behavioral tests were performed
between 10 am and 3pm by an examiner blinded with respect to the treatment rendered.

To quantify mechanical sensitivity of the foot, the threshold of foot withdrawal in response to an
increasing mechanical stimulus was determined using the Electrovonfrey apparatus. Rats were placed in
a transparent plastic dome with a metal mesh �oor, which allowed access to the plantar surface of the
hind paw and habituated to this environment for 30 mins. The Electrovonfrey probe was pressed
perpendicular to the plantar surface of the hind paw with continuous force. A positive response was
noted if the hind paw was sharply withdrawn, and the force was recorded on the screen simultaneously.
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Each trial was repeated 3 times with 5-min intervals, and the mean value was used as the force to
produce withdrawal responses.

The latency of foot withdrawal to a noxious heat stimulus was measured using a Hargreaves apparatus
(Ugo Basile, Comerio, Italy). Rats were placed separately on a temperature-controlled, 3-mm-thick glass
�oor under which a light box was located, and habituated to the environment for 30 mins before testing.
The movable radiant-heat source beneath the glass �oor was focused on the planter surface of the hind
paw. A cutoff was set at 20 secs to avoid tissue damage. Light intensity was preset to obtain a baseline
latency of approximately 12 secs. Five PWLs were collected with 5-min intervals, and the average of the
middle 3 latencies was used for the following analysis [34, 35].

Immunohistochemistry
After the last behavioral assessment, on days 3 and 7 after CCI surgery, rats were deeply anesthetized
with chloral hydrate (450 mg/kg, IP) and perfused intracardially with heparinized normal saline, followed
by 4% paraformaldehyde in phosphate-buffered saline (PBS). The spinal cord around L4 and L5 was
removed and post�xed in the same �xative at RT for 4 hrs. All specimens were cryoprotected in 30%
(wt/vol) sucrose. Spinal cords were cut transversely by cryostat into 10 m �oating sections. Sections
were washed with PBS followed by PBS containing 0.3% Triton X–100 (PBST) for 10 mins twice, and
treated with 0.3% hydrogen peroxide in PBST for at least 15 mins to exhaust the endogenous hydrogen
peroxidase. Nonspeci�c binding was blocked by 3% normal goat serum plus 2% bovine serum albumin in
PBST for 1 hr. Sections were incubated at RT overnight with primary mouse monoclonal antibody (anti-
OX42, 1:200, Santa Cruz; anti-TNF- α, 1:200, Biolegend) in PBST plus 3% normal goat serum. Sections
were washed with PBST 3 times for 10 mins each and incubated with goat anti-mouse biotinylated
secondary antibody (1:1000; Cell Signaling, Beverly, Mass) for 1 hr at RT. After sections were washed
further with PBST 3 times, avidin-biotin-horseradish peroxidase complex (Pierce, Rockford, Ill) in PBST
was applied in 1:160 dilution to sections for 1 hr. Antigens were visualized by combining equal volumes
of an ammonium nickel sulfate solution (30 mg/mL in 0.1 M sodium acetate, pH 6.0) and a
diaminobenzidine solution (4 mg/mL in PBS) in the presence of 0.01% hydrogen peroxide. Floating
sections were spread �at on slides, air dried, rinsed with distilled water for 1 min, and dehydrated through
an ethanol gradient (70% once, 95% twice, and 100% twice) for 1 min each and then in xylene for 3 mins
twice. Sections were cover slipped with Permount mounting medium (Merck, Darmstadt, Germany).
Images were acquired with a Leica 4000 light microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Assessments of OX42-positive or TNF-α-positive cells were performed in 3 sections chosen
randomly from L4/5 spinal cord of rats. A manual method was employed to measure the total number of
OX42 and TNF-α IR cells in ipsilateral spinal dorsal horn with the microscope under 250x magni�cation.

Cell culture and treatment
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BV–2 microglial cells were obtained from German collection of microorganisms and cell culture was
purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen. Both were adopted as the
substitute for microglias and were plated (4 × 104 cells/cm2) in culture �asks. Cells were cultured in
RPMI1640 (Gibco, Grand Island, NY, USA), supplemented with 10% fetal calf serum, in a humidi�ed
atmosphere with 5% CO2. The homogenous cells between the fourth and eighth passages were used.

TNF-α (20ng/ml) and PDTC (100 mol/l) were applied to BV–2 cells. Serum-free medium was used as the
negative control. Immunocytochemistry, RT-PCR and western blotting were used to assess cell NF-κB p-
p65 protein expression, and CX3CR1 protein and mRNA expression.

Immunocytochemistry
Cells were �xed in 4 % paraformaldehyde for 20 min at room temperature (RT) and washed three times
with phosphate-buffered saline (PBS). Then cells were incubated with 10% goat serum in PBS containing
0.2% Trion X–100 at RT for 20 min to block the unspeci�c binding of antibodies. After the blocking
solution had been washed out, cells were incubated overnight with primary antibody (NF-κB p-p65, 1:100,
Abcam, Cambridge, UK). Then cells were washed and incubated with a secondary antibody (horseradish
peroxidase-polymer-goat anti-rabbit immunoglobulin G; 1:1000) for 20 min. After cells were washed
further with PBS 3 times, antigens were visualized by combining equal volumes of an ammonium nickel
sulfate solution (30 mg/mL in 0.1 M sodium acetate, pH 6.0) and a diaminobenzidine solution (4 mg/mL
in PBS) in the presence of 0.01% hydrogen peroxide. For nuclear staining, the cells were washed and
incubated with hematoxylin. Images were acquired with a Leica 4000 light microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Assessments of NF-κB p-p65-positive cells were performed in 3
slides chosen randomly.

Reverse transcription polymerase chain reaction
(RT-PCR)
Total RNA was isolated from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and quanti�ed by
spectrophotometry. First strand cDNA was synthesized from 1 μg of total RNA via the ReverTra Ace-αTM
reverse-transcription system (TOYOBO). PCR products were analyzed by electrophoresis on 1.5% agarose
gel containing ethidium bromide. GAPDH gene expression was used as a standard. CX3CR1 was
ampli�ed using CX3CR1 primers and the sequences of the forward and reverse primers are: 5-
ACGATGTCTGGGTGACTAC–3 and 5-GTATGGTGTCCAGAAGAGGA–3, respectively. The sequences of
GAPDH forward and reverse primers are: 5-ACCACAGTCCATGCCATCAC–3 and 5-
TCCACCACCCTGTTGCTGTA–3, respectively.

Western blotting analysis
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The method was described previously [36]. Western blot analysis was performed to evaluate CX3CR1
expression in BV–2 cells after cells were incubated with various drugs for 2, 4 or 6 hours. Cultured cells
were treated with lysis buffer and then mechanically digested to release the proteins. Lysate was
centrifuged at 9000 rpm for 10 mins and the supernatant was taken for western blotting. Equal amount
of protein (30 μg) was loaded on each lane, separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred onto polyvinylidene di�uoride membranes. The membranes were blocked
in 10% nonfat dry milk for 2 hr at room temperature and incubated overnight at 4℃ with rabbit polyclonal
anti-CX3CR1 antibody (1:500; eBioscience); or anti-GAPDH antibody (1:8000; Cell Signaling). The blots
were incubated for 2 hr at room temperature with horseradish peroxidase-conjugated mouse anti-rabbit
(1:2000, Santa Cruz Biotechnology). Signals were visualized using enhanced chemiluminescence (Pierce)
and exposed onto x-ray �lms for 1 to 10 mins. All western blotting analysis was performed at least 3
times, and parallel results were obtained. X-ray �lms with blotting bands for each sample from different
rats were scanned, and analyzed using the digitalized scienti�c software program UN-SCAN-IT (Silk
Scienti�c Corporation, Orem, Utah). Concentration of protein was determined by densitometric analysis
and expressed as relative densitometric unit to that of GAPDH.

Statistical Analysis
All experiments were performed in triplicate, and data were expressed as mean±SEM. Data analysis was
performed using SPSS 16.0 software. Two-way analysis of variance (ANOVA) with post hoc Tukey test
was used to compare the behavioral data of different experimental groups. Image-analysis data were
compared between groups with one-way ANOVA with post hoc Bonferroni test. A value of P<0.05 was
considered statistically signi�cant.

Results

The effects of repeated intrathecal administration of
PDTC on ipsilateral hind paw pain in sham and CCI
rats
Figure 1 shows the effects of PDTC (100 or 1000 pmol/d, i.t. 4 days) on mechanical allodynia and
thermal hyperalgesia of ipsilateral hind paws in sham and CCI rats. In the sham group, no difference was
observed in the mechanical thresholds and thermal latency for different doses of PDTC. In the CCI group,
the neuropathic pain exhibited remarkable mechanical allodynia and thermal hyperalgesia. Paw
withdrawal threshold (PWT) to electrovonfrey �laments and paw withdrawal latency (PWL) to a radiant
heat source of CCI-rats decreased over time. PDTC increased the mechanical threshold (P<0.05; Figure
1B) and thermal latency (P<0.05; Figure 1A) in a dose-dependent manner in CCI rats. Signi�cant impact
of PDTC on mechanical allodynia and thermal hyperalgesia was observed 1 day after PDTC treatment.
The maximal effect on thermal latency and mechanical thresholds was achieved with 1000 pmol/d of
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intrathecal PDTC. Post-hoc analyses showed that PDTC at 1000 pmol/d induced higher thresholds 1–4
days after treatment (P<0.05).. Intrathecal administration of PDTC delayed the onset of neuropathic pain
(P<0.05, Figure 1A, left panel; 1B, left panel) in a dose-dependent manner and reversed the pain behaviors
(P<0.05, Figure 1A, right panel; 1B, right panel) in rats.

The effects of repeated intrathecal administration of
PDTC on spinal microgliosis in sham and CCI rats
OX–42 expression in the spinal cord was measured to evaluate the in�uence of PDTC (100 or 1000
pmol/d, i.t.) on microglial activation after 4 days of treatment. As shown in Figures 2 and 3, OX–42
expression increased signi�cantly in the ipsilateral spinal cord in CCI rats (P<0.05).. PDTC decreased the
expression of OX–42 and the number of ipsilateral spinal OX–42 immunoreactive (IR) cells in a dose-
dependent manner. The number of OX–42 IR cells decreased at both doses (P<0.05)..

The effects of repeated intrathecal administration of
PDTC on spinal TNF-αprotein expression in sham
and CCI rats
TNF- level in spinal cord was measured by immunohistochemistry (IHC) analysis to evaluate the
in�uence of PDTC on proin�ammatory factor generation after repeated infusion of PDTC (100 or 1000
pmol/d, i.t.) for 4 days. As shown in Figures 4 and 5, TNF- expression increased signi�cantly in the
ipsilateral spinal cord in CCI rats (P<0.05).. PDTC decreased the expression of TNF- in a dose-dependent
manner, compared to that of CCI group (P<0.05).. The number of TNF- IR cells decreased at both doses
(P<0.05)..

PDTC inhibited TNF-α-induced p-p65 expression in
microglial cells
To determine whether TNF-α mediate microglial activation via the NF-κB p-p65 signaling pathway,
microglial BV–2 cells were pretreated with PDTC (100 μmol/l) for 1 hr and then incubated with TNF-α (20
ng/ml) for 1 hr. The expression of NF-κB p-p65 was examined by immunocytochemistry (ICC). Very low
level of nuclear p-p65 expression existed in the untreated cells (Fig. 6 and 7).. After TNF- induction,
nuclear p-p65 expression increased and reached the peak in 1 hr (Fig 6).. TNF—dependent
phosphorylation of NF-κB p65 was inhibited when cells were pretreated with PDTC (100umol/l) while
PDTC can’t alter the constitutive p-p65 expression in microglial cells (Fig 6 and 7)..
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PDTC inhibited TNF-α-induced CX3CR1 expression
in microglial cells
To investigate the possible relationship between TNF-α and microglial CX3CR1 expression in vitro,
extracts from microglial BV–2 cells stimulated with TNF-α were examined by western blotting analysis
and reverse transcription polymerase chain reaction (RT-PCR). Microglial BV–2 cells were pre-treated with
PDTC (100 μmol/l) for 1 hr and then incubated with TNF-α (20 ng/ml). TNF-α incubation induced an
increase in CX3CR1 mRNA in a time-dependent manner. With the presence of TNF-α, CX3CR1 mRNA
expression was observed as early as 30 min and peaked in 2 hrs (Fig. 8).. The increase in CX3CR1 protein
expression was noted after cells were treated with TNF-α for 2 hr, and CX3CR1 protein expression reached
the peak at hour 4 (Fig. 9).. The control group failed to demonstrate a meaningful increase in the
expression of CX3CR1, although a constitutive expression was observed. These results indicated that
PDTC inhibited the expression of constitutive and TNF-α-induced CX3CR1 mRNA and protein (Fig. 8 and
9)..

Discussion
In this study, we established a classic model of nerve injury-induced neuropathic pain via chronically
constricting the left sciatic nerve of male rats. Similar to what reported by Bennett et al. [37], sciatic
constriction induced pain-related behavioral signs of mechanical allodynia and thermal hyperalgesia. The
characteristic changes in pain threshold indicated that the model was successfully established for this
study.

Here, we demonstrated an important but previously unrecognized role of NF-κB in CCI-induced
neuropathic pain. Daily intrathecal infusions of NF-κB inhibitor PDTC (100 and 1000 pmol/d) for 4
consecutive days delayed the onset of neuropathic pain and the activation of spinal microgliosis and
in�ammation in a dose-dependent manner. Moreover, repeated intrathecal administration of PDTC 3 days
after CCI reversed the established mechanical allodynia and thermal hyperalgesia, and reduced activated
spinal microglial cells and in�ammatory cytokine production in rats. No obvious neurotoxicity was
observed after repeated intrathecal infusion of PDTC (1000 pmol/d). The inhibition of the NF-κB
signaling pathway was accompanied with decreased injury-induced pain behavior and central nerve
system in�ammation, suggesting the correlation between spinal NF-κB and neuropathic pain. Therefore,
NF-κB is a promising therapeutic target for the prevention of nerve injury-induced neuropathy and
neuroin�ammation.

NF-κB is a protein complex that controls transcriptional DNA, cytokine production and cell survival and
participates in cell responses to stimuli, such as stress, cytokines, free radicals, etc. NF-kappa B also
plays a key role in regulating the immune response to nerve injury. Previous research indicated that the
incorrect regulation of NF-κB is associated with neuroin�ammation and neuropathic pain development in
rat model of neuropathic pain [38]. NF-κB is believed to promote the expression of proin�ammatory genes



Page 10/28

and lead to neuronal hypersensitivity in nervous system. In our study, TNF-α expression and microglial
activation increased around the primary afferents and second-order neurons in laminae I to III in spinal
cord. TNF-α in the dorsal horn may enhance the excitability of sensory neurons and activation of
microglia [8–12]. The excitatory signal from the injured nerves to these spinal areas triggered TNF-α
production and microglial activation. Furthermore, biochemical changes along the neuronal sensory
pathway may be other causes. TNF-α is a member of superfamily of type II proteins containing a full-
length membrance TNF-α (mTNF-α) that is cleaved by inducible TNF converted enzyme to release
diffusible peptides (soluble TNF-α (sTNF-α)). Each peptide performs a different function. In recent
studies, nerve injury-induced pain resulted in an increase in mTNF-α in dorsal horn measured by
immunohistochemistry or western blot, while the sTNF-α was unable to be detected in spinal cord by
ELISA [39]. This is in agreement with the observation in our study. The mTNF-α might serve to mediate
bidirection cell-to-cell crosstalk in neuropathic pain resulting from physical nerve injury. However, sTNF-α
is the functional form of TNF-α in neupathic pain caused by paclitaxel and may play a role in initiating
in�ammatory reactions [40]. Further research might be needed to illuminate the involvement of NF-κB in
transcriptional promotion of TNF-α in neuropathic pain. Microglia were also activated in the lateral part of
the spinal ventral horn and may play a possible role of phagocytosis around motor neurons [41]. In this
study, we observed the dose-dependent suppressive effect of intrathecal PDTC on TNF-α expression and
microglial activation induced by CCI, therefore, our data demonstrated that NF-κB activation could
mediate TNF-α production and microglial activation. These data suggested that the activation of NF-κB
pathway facilitated the development of neuropathic pain via regulating CNS in�ammation.

Our results suggest that
However, the activation of NF-κB regulated genes is different in the various conditions and could account
for development of neuropathic pain. PDTC was also reported to reduce the levels of CX3CR1, COX–2 ,
IL–1 and IL–6 in the rats of pain models [22, 32, 38]. Hence, the inhibitory effects of PDTC on these
proin�ammatory factors may be additional reasons for its analgesic activity observed in this study.

In the in vitro model developed by adding pro-in�ammatory factor TNF-α to BV–2 microglial cultures
attempted to mimic the signaling cues present in the in vivo neuropathic pain environment. Microglial
cells treated with TNF-α presented an activated phagocytic phenotype with morphologic changes and
intense phospho-p65 labeling. Activated BV–2 microglia showed bigger soma and few rami�cations.
Control BV–2 microglia, by contrast, showed smaller soma with distal arborization, characteristic of
rami�ed unactivated microglia. Phospho-p65 is a molecule present in the cell nuclei related to the
activation of NF-κB signaling pathway.

In CNS, enhanced spinal microglial CX3CR1 expression was believed to be directly related to neuropathic
pain and in�ammation, although the factors involved in the regulation of microglial CX3CR1 expression
have not been well-characterized. We previously reported that CCI stimulates CX3CR1 expression in spinal
cord [32]. In this study, we demonstrated that TNF-α induced an increase in CX3CR1 mRNA and protein
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expression in vitro in BV–2 microglial cells. Similar observations were reported on CX3CR1 expression in
response to TNF-α in rat aortic smooth muscle cells [42]. The inducible CX3CR1 is responsible for the
prompt activation of microglia during the in�ammatory response. Spinal cord microglia play an
important role in the genesis of persistent pain by releasing the proin�ammatory cytokines TNF-α and IL–
1, and brain derived neurotrophic factor (BDNF) [15, 20–24,43]. Therefore, our results proved that
enhanced TNF-α in CNS disorders is associated with neuropathic pain.

However, the molecular mechanism for the increased expression of CX3CR1 following TNF-α treatment
remains unclear. NF-κB was reported to be involved in TNF-α-induced CX3CR1 expression in human
vascular smooth muscle cells and cryptosporidium parvum infection-induced CX3CR1 expression in
epithelial cells [44, 45]. There may be NF-κB consensus sites in the promoter region of rat CX3CR1 gene
that regulate CX3CR1 production. Our data showed that TNF-α induced an early and rapid nuclear
translocation of p-p65. Therefore, the nuclear translocation of NF-κB p-p65 in BV–2 microglial cells may
be the critical step for in�ammation in microglia, and is involved in TNF-α-induced CX3CR1 expression.

The CX3CR1 is a novel but not the only target gene of NF-κB signaling pathway in central nervous
system. Its target genes are still incompletely understood in the nervous system. Already known regulated
genes in neuronal tissue make up inducible NO-synthase (iNOS), μ-opiod receptors, brain-derived
neurotrophic factor, calmodulin-dependent protein kinase II, and catechol-o-methyltransferase (COMT)
[46, 47]. Previous studies show that increased NF-κB activity enhances transcription of genes that cause
pain (e.g., iNOS) and decreases ones that ease pain (e.g., COMT). Therefore, inhibition of NF-κB signaling
pathway might exert a useful appraoch for the development of new analgesics.

The activation of NF-κB can be blocked by PDTC, without affecting the DNA binding activity of other
transcription factors. In the present study, PDTC prevented NF-κB p65 phosphorylation and inhibited
CX3CR1 mRNA and protein expression in BV–2 microglial cells, indicating that NF-κB p65 may be
essential for CX3CR1 induction in response to TNF-α in BV–2 microglial cells. These �ndings further
con�rmed the results of our rat experiments of neuropathic pain, and proved that NF-κB was essential for
microglia activation in neuropathic pain in CNS.

NF-κB may not be the only transcription factor involved in the TNF-α-induced up-regulation of CX3CR1
gene in BV–2 cells, because PDTC pretreatment did not completely inhibit the production of CX3CR1. The
results that PDTC inhibited the constitutive expression of CX3CR1 without altering the constitutive p-p65
expression indicated that PDTC might suppress the constitutive expression of CX3CR1 through some
pathway other than NF-κB, such as nuclear factor erythroid 2 related factor 2 (Nrf2). PDTC is found to
activate Nrf2 signaling and have a neuroprotective and antioxidative function [48]. Recently, several other
transcription factors were reported to regulate CX3CR1 gene expression in response to TNF-α in various
cells. For example, HIF–1, AP–1 and STAT1/3 are also essential for CX3CR1 expression in various cells.
A change on the DNA methylation status of CX3CR1 gene promoter can change its activity and gene
expression [49–51]. Therefore, the involvement of those transcription factors in transcriptional regulation
of CX3CR1 remains to be evaluated in TNF-α-stimulated BV–2 cells.
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There are still some limitations of our study. Although blockade of NF-κB inhibited CCI-induced microglial
activation and TNF-α expression by immunohistochemistry assay, we don’t know how these molecules
and signals are involved. Some study shows co-localization of microglia CX3CR1 and extracellular
signal-regulated protein kinase 5 (ERK5) by immmuno�uorescence labelling of them in the dorsal horn
and suggests that CX3CR1 enhances nerve injury-induced pain hypersensitivity through the ERK5
signaling pathway [52]. Further study is needed to explore the direct target molecules for NF-κB and
CX3CR1 in spinal microglia.

PDTC is a synthetic compound is largely used as an NF-κB inhibitor by inhibiting factor I-κB
ubiquitination, however, it can also regulate other cell signaling, such as anti-apoptotic signaling, and we
don’t know the relationship between the pain-related NF-κB activation pathway and other effects of
PDTC. Some speci�cal NF-κB inhibitors or siRNA might be the promising approaches to selectively impair
NF-κB activation. However, because NF-κB also ful�ls a number of physiological functions, complete
inhibition may lead to serious effects. Recent studies have shown the embryonic lethality in mice with
completely knockout of p65 [53], and another study indicated an inhibitory effect of p65-siRNA on
transcription of NF-κB-regulated proteins such as COX–2 [54]. Therefore, drugs that selectively inhibit
pain-promoting NF-κB activity while leaving physiological functions unaffected would be bene�cial to
clinic pain management and be explored in future research.

Conclusions
We have shown the protective effect of intrathecal PDTC on the development of nociceptive behaviors
induced by CCI in rats. The activation of NF-κB pathway may contribute to spinal microglial activation
and TNF-α up-regulation. We also demonstrated that the phosphorylation of NF-κB p65 was responsible
for TNF-α-induced CX3CR1 expression in BV–2 microglial cells. These results enhanced our
understanding of molecular mechanisms underlying increased CX3CR1 expression and microglia
activation, and neuropathic pain associated with elevated levels of TNF-α in CNS in�ammation.
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Figure 1

The effects of repeated intrathecal administration of saline or PDTC (100 or 1000 pmol/d, i.t. 4 days) on
pain behaviors of ipsilateral hind paw in CCI rats. PWT to electrovonfrey �laments and PWL to radiant
heat source of CCI-rats decreased over time. PDTC increased PWT (B) and PWL (A) in a dose-dependent
manner in CCI rats. Results are expressed as mean±SEM (n=8). Bar above the x-axis represents
intrathecal treatment with saline or PDTC. #, P<0.05 vs. saline treated sham rats. *, P< 0.05 vs. saline
treated CCI rats.
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Figure 2

The effects of repeated intrathecal administration of PDTC (100 or 1000 pmol/d, i.t. 4 days) on spinal
microgliosis in rats. Representative photomicrographs of OX-42 immunoreactivity (IR) of ipsilateral L4/5
spinal dorsal cord shows prominent microglial activation in CCI rats, and CCI-induced microglial
activation was remarkably suppressed by PDTC.
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Figure 3

The effects of repeated intrathecal administration of PDTC (100 or 1000 pmol/d, i.t. 4 days) on the
number of ipsilateral spinal OX-42 IR cells in CCI rats. The number of ipsilateral spinal OX-42 IR cells
decreased with PDTC treatment on days 3 and 7 after CCI. Results are expressed as mean±SEM (n=4). #,
P<0.05 vs. saline treated sham rats, *, P<0.05 vs. saline treated CCI rats.
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Figure 4

The effects of repeated intrathecal administration of PDTC (100 or 1000 pmol/d, i.t. 4 days) on spinal
TNF-α protein expression in CCI rats. Representative photomicrographs of TNF-α immunoreactivity of
ipsilateral L4/5 spinal dorsal cord of rats show higher TNF-α expression in saline treated CCI rats, and
PDTC remarkably suppressed TNF-α expression in CCI rats.
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Figure 5

The effects of repeated intrathecal administration of PDTC (100 or 1000 pmol/d, i.t. 4 days) on the
number of ipsilateral spinal TNF-α IR cells in CCI rats. The number of ipsilateral spinal TNF-α IR cells
remarkably decreased with PDTC treatment on days 3 and 7 after CCI. Results are expressed as
mean±SEM (n=4). #, P< 0.05 vs. saline treated sham rats, *, P < 0.05 vs. saline treated CCI rats, $, P< 0.05
vs. PDTC-100 pmol/d treated CCI rats.
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Figure 6

Effect of PDTC on p-p65 protein expression in TNFα-induced BV-2 microglial cells. Representative
photomicrographs of p-p65 immunoreactivity in BV-2 microglia show increased p-p65 expression in TNF-
α treated cells. PDTC-pre-treated group had lower p-p65 protein expression than TNFα treated groups did.
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Figure 7

Effect of PDTC on p-p65 IR cells in TNFα-induced BV-2 microglia. Statistical analysis of percentage of p-
p65 IR cells is shown between different groups. Results are expressed as mean±SEM (n=4). The
percentage of p-p65 IR cells in BV-2 microglia decreased substantially in PDTC -treatment cells. #, P <0.05
vs. control cells, *, P <0.05 vs. TNFα treated cells.
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Figure 8

Effect of PDTC on the expression of CX3CR1 mRNA in TNFα-induced BV-2 microglial cells. PDTC-
treatment group had lower CX3CR1 mRNA expression than other groups did. A. Bands of RT-PCR of
CX3CR1 mRNA expression. B. Statistical analysis of relative density of RT-PCR bands is shown between
different groups. Results are expressed as mean±SEM (n=4). #, P<0.05 vs. control cells, *, P <0.05 vs.
PDTC and TNFα treated cells.
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Figure 9

Effect of PDTC on CX3CR1 protein expression in TNFα-induced microglial cells. PDTC-pre-treatment
group had lower CX3CR1 protein expression than other groups did. A. Bands of western blotting of
CX3CR1 protein expression. B. Statistical analysis of relative density of western blotting bands is shown
between different groups. Results are expressed as mean±SEM (n=4). #, P<0.05 vs. control cells, *,
P<0.05 vs. PDTC and TNFα treated cells.
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